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ABSTRACT
Transcritical R744 technology was used to design and build a compact, lightweight unitary-type air-conditioner for
military shelter cooling. The design focus was to achieve high energy efficiencies during operation in hot ambient
temperatures. High performance prototype components were used to realize the target performance of 35 kW at the
high ambient temperature rating condition (outdoor: 51.7 oC, indoor: 32.2 oC - 50%RH). Experiments showed that
the COP of this new R744 ECU is approximately 30% higher than that of a comparable R134a ECU and
approximately 20% higher than that of a comparable R410A ECU (based on manufacturer data). ECU compactness
was determined by calculating cooling output per ECU weight and volume. The new 35 kW R744 ECU was found
to be 60% (cooling per weight ratio) and 40% (cooling per volume ratio) more compact than comparable R134a
technology. The compactness levels of R744 and R410A technology were found to be approximately equal.

1. INTRODUCTION
During the past decade, U.S. Army funded numerous projects to investigate the feasibility of transcritical R744
technology for military air-conditioning systems. The vast majority of currently employed Environmental Control
Units use refrigerants R22 and R134a. Military ECUs are available in a variety of different sizes and their nominal
cooling capacities range from 1.75 kW to 18 kW (Manzione and Calkins, 2002; Manzione and Elbel, 2008). The
units are typically rated at an outdoor temperature of 51.7 oC and an indoor temperature of 32.2 oC at 50% relative
humidity. The compact ECU packaging resembles residential unitary-type air-conditioners. Heat is absorbed from
and rejected to air that passes through connected ductwork. ECUs are used to heat and cool personnel and equipment
in enclosed spaces such as shelters, vehicles, and containers. U.S. Army lists reduced logistics burden and the facts
that R744 is inexpensive, safe, widely available, and environmentally friendly as reasons to investigate whether
transcritical R744 ECUs are feasible. Furthermore, high R744 working pressures in combination with high
volumetric capacities may ultimately result in more compact and lighter systems (Hrnjak et al., 2008; Elbel, 2008).
In the past, several ways of improving the performance of R744 ECU air-conditioners have been investigated, such
as Flash Gas Bypass (Elbel and Hrnjak, 2004) and expansion work recovery through the use of an R744 two-phase
ejector (Elbel and Hrnjak, 2008). For the particular case of this trailer-mounted 35 kW R744 ECU, no H/C/FC
baseline system exists. This made it possible to focus the design considerations on achieving high energy
efficiencies during operation in hot ambient temperatures. Additional tests were carried out at standard ARI test
conditions which allow for a fair performance comparison of this highly packaged military ECU with comparable
systems that are designed for commercial applications.
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2. DESIGN OF A 35 KW R744 ENVIRONMENTAL CONTROL UNIT
2.1 Refrigeration Circuit Components
A lightweight welded aluminum frame structure houses a semi-hermetic reciprocating piston compressor originally
designed for commercial R744 refrigeration applications. Eight aluminum microchannel gas cooler panels are
arranged in cross-counterflow mode to achieve low approach temperature differences. An electronically controlled
expansion valve meters the flow into the RTPF evaporator while maintaining high-side pressures that result in
maximum system efficiency. Interestingly, the face area and depth of the 35 kW R744 evaporator are identical to the
dimensions used in 17.5 kW R134a ECUs. For this particular R744 ECU two different RTPF evaporator options
were investigated: first a conventional copper tube aluminum fin heat exchanger and later a novel all aluminum
RTPF coil design that weighed 25% less than its copper tube counterpart. Both coils were able to deliver the target
capacity at the rating condition. Images of the two different evaporators are shown in Figure 1. A combination of
two aluminum microchannel internal heat exchangers and a welded steel low-pressure accumulator were used to
maintain a constant refrigerant vapor quality at the evaporator exit. Besides providing sufficient superheat at the
compressor inlet, the IHXs improve the cooling performance of transcritical R744 air-conditioners by reducing the
vapor quality of the refrigerant at the evaporator inlet. The IHX / accumulator assembly is shown in Figure 2.

Figure 1: RTPF evaporator designs (left: copper-tube-aluminum-fin; right:
all-aluminum design)

Figure 2: IHX / accumulator assembly

2.2 ECU System Design
The schematic and 3D CAD overview shown in Figure 3 illustrate the arrangement of the refrigeration system of the
35 kW R744 ECU. The compressor discharge is split in order to equally feed both sides of gas coolers, each
consisting of two large and two small gas coolers connected in parallel. This gas cooler arrangement results in
approximately equal mass flow distribution, since the total tube length to and from each heat exchanger header is
approximately equal. Downstream of the gas coolers the streams are merged and afterwards split again into the high
pressure sides of the internal heat exchangers. Downstream of the high pressure sides of the IHXs the flows are
combined and expanded into the evaporator. The accumulator is located downstream of the evaporator. It has
separate outlets for vapor on the top and for liquid refrigerant and oil on the bottom. Downstream of the accumulator
vapor and liquid refrigerant are separately mixed for each of the low-pressure sides of the two internal heat
exchangers. The superheated refrigerant exiting the internal heat exchangers are mixed before the suction flow
enters the compressor.
Two ECU frames, originally designed for a 17.5 kW R134a ECU, were cut and welded together to construct the
frame for the new R744 ECU. Although the new R744 ECU has twice the nominal capacity, its frame has a 10%
smaller footprint than the combined footprint area of two 17.5 kW R134a ECUs. Heat rejection from the gas coolers
occurs through two axial fans. Two radial blade blowers deliver air from the space to be cooled through removable
air ducts. Similar ducting is used to provide the supply air back to the conditioned space. Cooling capacity losses
were further reduced by mounting the evaporator blower motors in the outdoor compartment of the ECU. That way,
inefficiencies of the electric motors do not negatively impact the cooling performance of the R744 ECU. Condensate
was found to properly drain from the evaporator during operation without observing any liquid carry-over into the
supply air ducts.
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Figure 3: 35 kW R744 ECU refrigeration system arrangement
Stainless steel tubing and compression fittings were used to connect the refrigeration circuit components.
Measurement instrumentation and safety features such as pressure relief valves and high and low-side cut-out
switches were integrated into the design. Indoor and outdoor air stream routing through the ECU are illustrated in
Figure 4. Figure 5 shows a photograph of the unit mounted on a single-axle military style flat deck trailer.

Figure 4: Air stream routing through 35 kW R744 ECU

Figure 5: Trailer-mounted 35 kW R744 ECU

3. EXPERIMENTAL METHODS AND TEST FACILITY SETUP
Applicable standards require at least two independent energy balances to experimentally determine steady-state
system performance. In this case, even three independent methods were available, namely a refrigerant-side balance,
an air-side balance, and an energy balance from the use of two calorimetric chambers. The chamber set-up and
measurement instrumentation is schematically shown in Figure 6. The ECU was taken off the trailer and was
mounted in the outdoor chamber. The cold side was connected to the indoor chamber with flexible hoses. The inlet
of the outdoor wind tunnel and the ECU were connected by a rectangular insulation foam duct. Additional blowers
on both indoor and outdoor sides were operated to compensate air-side pressure drop across the wind tunnels. All
data was recorded with HPVee data acquisition hardware and software. Data points were recorded every 10 seconds
once steady-state was reached. Required recording time for each condition was 10 minutes. Averaged test data were
post-processed with Engineering Equation Solver (EES).
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Figure 6: Schematic of test facility used for experimental investigation of 35 kW R744 ECU

4. RESULTS AND DISCUSSION
4.1 Preliminary Investigations
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The test matrix according to which the ECU cooling performance was determined is presented in Figure 7. The test
matrix reflects typical ECU operating conditions. The independent energy balances agreed well within ±5% as
demonstrated by the experimental results presented in Figure 8.
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Figure 7: Test matrix for ECU performance investigations

Figure 8: Agreement between 3 independent energy
balances used to determine ECU performance

Prior to determining the ECU performance according to the presented test matrix, a number of preliminary
investigations were conducted. A hot-wire anemometer was used to verify air-side velocity profiles of the gas
coolers and the evaporator. On the gas cooler side an average velocity of 2.0 m/s was measured. The deviations from
this average velocity were within ±30%. On the evaporator side, 80% of the face area showed air velocities in the
range of 2.0 m/s to 3.0 m/s. Therefore, fairly uniform air velocity distributions were confirmed both on the indoor
and the outdoor side.
Infrared thermography was used to confirm good temperature uniformity of the gas cooler and evaporator
temperature distributions. The results are presented in Figure 9. On the gas cooler side, infrared images were
recorded on the air inlet side. Due to the cross-counterflow heat exchanger arrangement, this corresponded to the
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refrigerant exit side. Infrared images were also taken on both sides of the parallel flow evaporator. The images
impressively demonstrate that RTPF evaporators can achieve excellent refrigerant distribution. The investigated
evaporators had twelve parallel passes organized in three rows that were provided with two-phase refrigerant
through a specially modified distributor.

Figure 9: Infrared thermography to confirm uniformity of microchannel gas cooler (left) and
RTPF evaporator (right) temperature distributions
For test conditions with higher outdoor temperatures the density of the refrigerant in the high-side pressure
components increases because of the increased pressure. As a result of increasing densities in the system at higher
ambient temperatures, the liquid level in the accumulator is lower than at lower ambient temperatures. Therefore,
excessive liquid refrigerant is stored in the accumulator at lower ambient conditions. A refrigerant charge test was
carried out to determine the optimum amount of refrigerant for the ECU system, including the mass that can be
stored in the accumulator which had an approximate volume of 2.0 l. The charge test was carried out with an
increasing amount of refrigerant in the system, starting with 4.8 kg of R744. Incremental refrigerant additions were
between 0.1 kg to 0.2 kg, up to a maximum charge of 6.0 kg. The optimum amount of refrigerant in the system was
experimentally determined to be 5.3 kg. With that charge it was possible to keep the evaporator outlet quality
between 0.85 and 0.95 for all test conditions. Maximum values of COP and cooling capacities were achieved with
the optimum charge.

4.2 Performance Results at Different Test Conditions
The cooling performance of the ECU was investigated according to the test matrix presented in Figure 7. For the
performance data shown in Figure 10, the cooling capacity was plotted versus the power consumption. Therefore,
the diagonals shown represent lines of constant energy efficiency (COP). Because of the supercritical R744 heat
rejection pressure each test condition was investigated at several different high-side pressures to determine peak
performance.
The maximum cooling capacity of 46 kW was achieved at test condition W1 with an outdoor air temperature of 32.2
o
C and a gas cooler exit pressure of approximately 9.7 MPa. The highest cooling capacity at the rating condition W3
was 34 kW at an ambient temperature of 51.7 oC. The COP was slightly higher than 1.3 at that condition. The target
cooling capacity of 35 kW was only slightly missed during these tests because the compressor motor power already
exceeded its nominal power by more than 10%. Also, the maximum discharge pressure of the compressor was not to
exceed 12.0 MPa. As reflected by the trends shown in Figure 10, a slightly higher discharge pressure would further
increase the cooling capacity at condition W3, such that there is no doubt that the present ECU system can actually
reach the targeted performance of 35 kW. The highest cooling capacity for the test conditions without
dehumidification was achieved at condition D1 with 38 kW for a gas cooler exit pressure of 9.3 MPa.
A careful analysis of the experimental data provided better understanding of the reasons for the good performance at
these demanding test conditions. In particular, very low approach temperature differences between the air entering
the gas cooler and the refrigerant exiting the coil were measured. This was attributed to largely unobstructed air flow
in the outdoor compartment of the ECU. The semi-hermetic piston compressor showed consistently high isentropic
efficiencies of 65% to 70% for pressure ratios between two and three. Oil circulation rates were low as reflected by
low refrigerant-side pressure drop across the heat exchangers. The excellent performance of the RTPF evaporator
with consistently high effectiveness further contributed to the good system performance.
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Figure 10: 35 kW R744 ECU performance for various test conditions and high-side pressures

In addition to the test conditions outlined in Figure 7, ECU performance tests were also conducted at ARI condition
“A”. These tests had a gas cooler air inlet temperature of 35 oC and 27 oC - 50RH air entering the evaporator. As
before, the high-side pressure was varied to achieve maximum system performance in terms of COP and cooling
capacity. These additional tests were conducted to facilitate the performance comparison of military cooling system
with commercially available air-conditioning equipment that is often rated at ARI condition “A”. The data marker
shown in Figure 10 represents the ARI “A” result obtained with a high-side pressure of 9.5 MPa. At that condition, a
maximum COP of 2.1 was achieved and the corresponding cooling capacity was 41 kW. It should be noted that even
higher cooling capacities were achieved at increased high-side pressures. Interestingly, the same group of
researchers achieved COP numbers that were approximately twice as high at ARA “A” with a 3.5 kW residential
mini-split system that was converted to R744. This significant performance difference can be attributed to the much
higher compactness of the military ECU system that results in higher gas cooler approach temperature differences
and reduced heat exchanger effectiveness.

4.3 Cooling Performance Comparison with Other ECU Systems
The experimental data of this 35 kW R744 ECU were compared to 17.5 kW R744 and R134a ECU data available
from earlier ECU experiments carried out by the same group of researchers (Hrnjak et al., 2008). Also available for
comparison is a set of data for a state-of-the-art 17.5 kW R410A ECU. It should be noted that the R410A data were
obtained from the manufacturer’s website and were not experimentally confirmed in this study. The major findings
of this data comparison are summarized in Table 1.
In comparison to the available R134a ECU technology it was found that with R744 compactness increased while
weight was significantly reduced. The 35 kW R744 ECU has a 10% smaller footprint in comparison to the combined
footprints of two 17.5 kW R134a ECUs. At the same time, the new 35 kW R744 ECU outputs 68.7 W/kg in
comparison to only 43.8 W/kg for comparable R134a technology, resulting in an almost 60% increase in cooling
output per unit mass. Simultaneously, a 30% higher COP was measured for the 35 kW R744 ECU. The cooling
output per unit mass for the 17.5 kW R744 ECU (57.7 W/kg) was less than for the 35 kW R744 ECU. This can be
explained by the fact that both compressors had identical housing size and the displacement of the 35 kW R744
ECU was only 33% larger. The gas cooler face area increase was only 50%, while the 35 kW R744 still used the
same RTPF evaporator that was originally designed for the 17.5 kW R134a ECU and that was also used for the 17.5
kW R744 ECU.
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Table 1: Performance comparison of different ECU designs in cooling mode
[* indicates manufacturer data from http://www.huntermfgco.com]

Unit

R134a
17.5 kW

R744
17.5 kW

R744
35 kW

* R410A
17.5 kW

ECU dimensions (W x D x H)

[m x m x m]

1.3x1.1x0.8

1.3x1.1x0.8

1.9x1.3x0.8

1.1x0.9 x1.0

Refrigerant charge

[kg]

6.4

2.6

5.3

2.5

Compressor displacement ratio

[-]

-

100%

133%

-

Gas cooler / condenser face area ratio

[-]

104%

100%

150%

-

Evaporator face area ratio

[-]

100%

100%

100%

-

IHX length ratio

[-]

-

100%

200%

-

COP

[-]

1.01

1.12

1.32

1.09

Cooling capacity @ 51.7 oC, 32.2 oC - 50%RH

[kW]

14.1

22.9

34.0

17.6

Weight

[kg]

322

397

495

250

Weight for 35 kW

[kg]

799

606

509

497

Cooling capacity / ECU weight

[W/kg]

43.8

57.7

68.7

70.4

Cooling capacity / ECU volume

[kW/m3]

12.3

20.0

17.2

17.8

In comparison to the 17.5 kW R744 ECU, the cooling output of the 35 kW R744 ECU increased by 48% while the
unit’s mass and volume increased by 54% and 72%, respectively. The larger volumetric increase resulted in less
obstructed air flows through the gas coolers and the evaporator, further contributing to the excellent performance of
the new ECU. The highest cooling output per unit volume was therefore achieved with the 17.5 kW R744 ECU. As
a result of the higher package density, the COP of the smaller R744 ECU was considerable lower (-18%) than that of
its larger R744 counterpart. However, it should be noted that the smaller R744 ECU also achieved a COP of 1.3
when a variable frequency drive was used to adjust the compressor speed to a cooling capacity of 17.5 kW (down
from 22.9 kW at 60Hz).
Also very interesting is the performance comparison to a state-of-the-art R410A ECU. It can be seen that both the
cooling capacity per weight and cooling capacity per volume are almost identical for the 35 kW R744 ECU and the
17.5 kW R410A ECU, demonstrating that high performance can be achieved with transcritical R744 systems even at
very demanding operating conditions. It should also be noted that the 35 kW R744 ECU was built from prototype
components that were not optimized with respect to weight (semi-hermetic vs. hermetic compressor, steel vs.
aluminum accumulator, blowers with steel housings for stationary applications, etc.). Some caution should be used
when comparing the rating condition COP of the new R744 ECU and the R410A ECU. The manufacturer of the
R410A only specifies the maximum current draw from which the power consumption was calculated. It was
assumed that the maximum power consumption occurs at the rating condition. This is the case for R744 ECUs for
which experimental data exists. The specified R410A refrigerant charge appears relatively low in comparison to the
charge amounts that were experimentally determined for both R744 ECUs and the R134a ECU.
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5. CONCLUSIONS
A lightweight and compact military ECU with a nominal capacity of 35 kW using transcritical R744 technology was
designed and built to achieve high performance at ambient temperatures of up to 51.7 oC. This design goal was met
and the new ECU achieved a 30% higher COP than an earlier investigated R744 ECU with half the nominal
capacity. In comparison to the smaller R744 ECU (nominal capacity 17.5 kW; actually measured 22.9 kW), the
capacity of the new ECU increased by approximately 50% while the compressor displacement was only 33% larger.
The new 35 kW R744 ECU used an RTPF evaporator that was originally designed for a 17.5 kW R134a ECU.
When used with R744, the same coil delivered 140% more capacity in comparison to the original R134a system.
Based on manufacturer data for a state-of-the-art R410A ECU, it was found that the new R744 ECU is directly
comparable to R410A technology in terms of cooling output per unit mass and volume. Based on available current
draw data, the COP of the new R744 ECU even exceeded that of the R410A ECU at the very demanding rating
condition. Further performance improvements can be achieved by using a refrigerant ejector or expander to reduce
the significant throttling losses that R744 experiences at elevated ambient conditions.

NOMENCLATURE
3D
CAD
COP
ECU

three dimensional
computer aided design
coefficient of performance
environmental control unit

H/C/FC
WxDxH
RH
RTPF

hydro/chloro/fluorocarbons
with by depth by height
relative humidity
round-tube-plate-fin
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